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ABSTRACT 
 
Metal matrix composites have been widely studied in terms of abrasion resistance, but a 
particular material system may behave differently as particle size, morphology, composition, and 
distribution of the hardening phase varies.  The purpose of this thesis was to understand the 
mechanical and microstructural effects of combining titanium carbide with 431 series stainless 
steel to create a unique composite via laser cladding, particularly regarding wear properties.  The 
most predominant effect in increasing abrasion resistance, measured via ASTM G65, was 
confirmed to be volume fraction of titanium carbide addition.  Macrohardness was directly 
proportional to the amount of carbide, though there was an overall reduction in individual 
particle microhardness after cladding.  The reduction in particle hardness was obscured by the 
effect of volume fraction carbide and did not substantially contribute to the wear resistance 
changes.  A model evaluating effective mean free path of the titanium carbide particles was 
created and correlated to the measured data.  The model proved successful in linking theoretical 
mean free path to overall abrasion resistance.  The effects of the titanium carbide particle 
distributions were limited, while differences in particle size were noticeable.  The mean free path 
model did not correlate well with the particle size, but it was shown that the fine carbides were 
completely removed by the coarse abrasive particles in the ASTM G65 test. The particle 
morphology showed indications of influencing the wear mode, but no statistical reduction was 
observed in the volume loss figures.  Future studies may more specifically focus on particle 
morphology or compositional effects of the carbide particles. 
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CHAPTER 1. BACKGROUND AND LITERATURE REVIEW 
1.1 Development of Metal Matrix Composites 
A metal matrix composite is a particular material system, commonly referred to as a 
cermet.  The term cermet has its etymology described as a combination of the words “ceramic” 
and “metal” back in the 1950s.  Metal matrix composites are known also as cemented carbides 
and hard-metals. The industry for both utilizing and producing this family of material has 
changed immensely from the inception of the coined term to today’s varied markets.  However, 
the use of this type of composite dates back to 1923 when a German lighting company, OSRAM, 
tasked their R&D group with reducing the brittleness of a pure WC die, used for producing 
tungsten lamp wire, by adding metal powder of nickel and finally cobalt [1].  The patent was 
sold to the Krupp Company, who developed the capability to produce these early metal matrix 
composites on an industrial scale [1].  The technology to produce these metal matrix composites 
has been developing since then and has expanded greatly. 
While metal matrix composites can be created through various combinations of ceramic 
particles and metal matrices, the most common is tungsten carbide particles in a cobalt matrix.  
Schubert et al. states “In 2008, roughly 50,000 tons of tungsten (W content) were consumed 
worldwide in cemented carbides, which account for about 60% of the world’s tungsten 
consumption” [2].  Some of the other more common ceramic particles are chromium carbide, 
titanium nitride, and titanium carbide.  Matrix phases are generally chosen based upon their 
reactivity to the carbides of interest and the intrinsic properties of the matrix itself, including 
corrosion resistance and wear resistance, depending on the target application. 
Generally, metal matrix composites are used in wear applications, due to their high 
hardness while maintaining a reasonable level of toughness.  The overall abrasion resistance is 
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derived from the hard particles while the increase in toughness comes from the transition metal 
alloy matrix.  The use of metal matrix composites ranges from small balls for ball-point pens, to 
large rolls used in the hot rolling of steels, or large plungers used in the plastics industry. In the 
manufacturing space, cemented carbides are used in wire and section drawing, cold and hot 
rolling, stone-working, working of wood and plastics, in the textile, magnetic tape and paper 
industries, in the food and medical industries, the glass industry, for stamping and punch drawing 
and a large number of structural components, including plungers, boring bars, compacting dies 
and punches, high pressure dies and punches, seal rings, pulverizing hammers, needles, carbide 
feed rolls, chuck jaws, and others [2]. 
At the time of the original OSRAM work, WC was produced by the reaction of tungsten 
powder with a stoichiometric amount of carbon.  However, solidifying the material using the 
same sintering process as tungsten lamp wire was not successful.  The eventual addition of a 
cobalt and iron metal powder binder was needed to get an adequate result from the sintering 
process [3].   
Powder metallurgy is still the predominant process used to create these cermet materials, 
but coatings and overlays can add flexibility to the designs and applications for taking advantage 
of their unique properties.  Metal matrix composite coatings came into play in the early 1960s 
and now range from thin films (CVD, PVD) to hard-facing overlays deposited by welding, 
thermal spray, and laser cladding among other technologies [2]. Generally in these latter 
processes, the carbides are much coarser than their powder metallurgy counterparts.  These more 
recent metal matrix composites may include reactants that, during solidification, precipitate the 
complex hard particle structures, or these hard particles may be pre-formed as mentioned and 
remain more or less unchanged during the creation of the composite, dependent on the solubility 
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characteristics of the material system [4]. Again, the most abundant method of creating these 
more recently developed metal matrix composites is powder metallurgy, however, creating 
coating overlays may be performed via laser cladding [5].  
 
1.2 Laser Cladding 
Laser cladding is the process of using a laser to melt a feedstock material (usually metal) 
to a substrate surface in order to form a metallurgical bond.  There are multiple forms of 
feedstock, including powder, wire, and strip as well as multiple types of laser, such as ND:YAG, 
Diode, CO2, etc [5].  The laser can even be pulsed to reduce overall heat input [6].  The pre-
placed powder process is one method in which the powder is applied to the substrate and the 
laser is used to melt the material in place with no active feedstock.   A second method involves 
“feeding” the material to be melted to the laser focal point and substrate simultaneously [7].  The 
two processes are highlighted below: 
 
FIGURE 1 - DEPICTION OF LASER CLADDING METHODS 
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Laser cladding can deposit a wide range of material besides metal matrix composites, and 
is generally used due to its overall low heat affected zone when applying a thick layer of material 
due to the subsequent rapid solidification.   Trumpf, a laser manufacturer, publishes literature 
identifying laser cladding materials as well as industries and possible applications [8].  Materials 
commonly used range from ferrous alloys, to nickel alloys, to even titanium alloys.  Industries 
that utilize this deposition technology in the manufacture of their components include 
agricultural and construction, offshore and petrochemical, automobile and construction 
industries, medical instruments, and turbine engines.  In all applications the deposition layers 
generally protect against wear, corrosion, or both, and often are used to repair worn surfaces [8].   
Different strategies can be employed to alleviate certain effects of laser cladding, such as 
thickness limitations and crack susceptibility.  One example includes having a functionally 
graded coating, in which the first layer does not contain any of the ceramic hard particle phase, 
and is simply matrix, while the subsequent layer contains a titanium and niobium carbide phase 
in the same matrix [9]. By layering the coating in this manner, a minimization of thermal stresses 
resulting from the difference in thermal expansions upon cooling is achieved [9].  A different 
study examined the effects of dilution, or melt pool mixing of the feed material with the substrate 
material.  This study found that mixing resulted in a graded material and overall reductions in 
performance across various hard-facing alloys were studied and reported [10].  Current 
development in the laser cladding field is involved in the closed loop feedback process, where 
details during the cladding process, such as temperature and visual effects, are monitored.  
Control and adjustment of the process during the cladding operation is achieved using a line 
optic laser footprint (instead of a symmetrical square) and a CCD camera as a control sensor 
[11]. 
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Studies and theses have examined specific aspects of laser cladding and varying effects 
of laser cladding parameters. Gedda [12] focused on groove filling parameters as well as laser 
casting, where material is deposited into pre-made forms or molds rather than as a deposited 
layer that adheres to the surface.  The study used specifically controlled processing parameters 
and an actively cooled substrate in order to discourage bonding [12]. Another author considered 
numerical modeling of the process, specifically as related to thermal management and beam 
shape effects [7].  In a study by Tuominen [10] the author acknowledged use of MMCs as 
perhaps the most studied laser clad deposits.  His study focused on resultant deposit properties, 
especially wear and corrosion testing on different alloys, and found that many methods for 
generating coatings, including pre-mixed powder injection, hard particle injection, and in situ 
precipitation of the hard particles were equally viable [13].   
 
1.3 Wear Resistance  
As briefly discussed above, several studies regarding MMCs have been carried out 
dealing with different aspects of both the process and the resultant coating.  Wear resistance is 
one key aspect where the intrinsic properties of MMCs may be exploited.  While there are many 
different types of wear, abrasion is one of the most ubiquitous modes found in industrial 
applications.   Thus, it is first appropriate to explain the most common test method for evaluating 
abrasion resistance to better understand the complexity of the interactions.  ASTM-G65 [14] is 
the approved test method for measuring abrasion and exists as a standard test method to compare 
the wear properties of different materials and/or similar materials or coating deposited by 
different methods.  An illustration of the test apparatus is depicted below in Figure 2.  The 
process is to apply force to the sample against the rubber wheel while introducing sand at the 
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interaction interface between the wheel and the sample. The sand particles are dragged across the 
surface after partial embedment in the soft rubber wheel. This generally results in gouging of the 
sample surface. 
 
Parameters such as sand flow, wheel speed, and applied force are all prescribed by 
ASTM-G65.  There are varying levels of aggressiveness for testing, governed by the quantity of 
revolutions and overall duration of the test, referred to as procedures.  The sample’s mass is 
recorded before and after testing and the mass loss may be translated to volume loss, by using the 
density of the material removed.  This allows for comparison between materials with vastly 
different densities.  Standard test blocks are available and can be referenced throughout testing to 
ensure proper apparatus operation and qualification [14].  Variations on the test parameters have 
also been investigated in an attempt to improve aspects of the test method [15]. One investigation 
FIGURE 2 - ASTM G65 SCHEMATIC [14] 
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focused on micro scratch testing, where an attempt was made to understand the interaction of an 
individual gouge, which may be representative of a single sand particle traversing the surface of 
the test sample [16]. The same authors confirmed that wear mechanisms in MMCs generally 
follow removal of the binder phase and accumulation of plastic deformation in the hard particle 
grains, ultimately leading to fracture. 
 One analysis of abrasion that is currently of interest emulates a three-body abrasion 
scenario, in which the 3rd body, the abrasive media, is not restricted during the act of abrading 
[17].  In a two-body abrasion situation the particles are fixed, or embedded, in the secondary 
surface, restricting their degrees of freedom; this will explicitly result in sliding or grooving wear 
to persist. Nahvi et al. [18] provides a thorough explanation of the varying wear modes and have 
created a model to describe the mechanics of particle motion in three-body abrasion, dependent 
on a number of inputs including applied load and hardness.  Nahvi et al. have also shown that 
these inputs manifest in particle motion across the surface, resulting in differing levels of 
abrasive damage.   
8 
 
 
 
Figure 3 exhibits the effects of hardness and applied load to a steel sample and it can be 
seen that sliding is favored in the high load, high hardness condition, while rolling is seen in the 
low load, low hardness condition.  The authors of [18] detail the reasons for the exhibited 
particle motion as being related to the inequality established between clockwise and 
anticlockwise components of angular moment arms. This example shows that hardness plays a 
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FIGURE 3 - EFFECT OF LOAD AND HARDNESS ON G65 WEAR MODE [18] 
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major role, not only in particle motion, but also as the main physical property related to abrasion 
resistance  [18]. 
Many studies have been performed that compare materials at differing hardness values, 
including the study completed by Gore et al. [19] comparing hardness against data from impact 
resistance, low stress abrasion (e.g. dry sand rubber wheel test), and high stress abrasion tests. 
Figure 4 shows the low stress abrasion vs. hardness plot from this work. 
 
FIGURE 4 - EFFECT OF HARDNESS ON ASTM G65 VOLUME LOSS [19] 
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TABLE 1 - DATA LABELS FROM GORE [19] 
 
 
In Figure 4, the trend of increasing hardness corresponding to less volume loss, or high abrasion 
resistance, is evident.  The chart also illustrates that materials with the same hardness, shown in 
Table 1, may have different responses to the ASTM G65 test method. In general, it was found 
that for all three methods tested (dry sand rubber wheel, dry sand steel wheel, and foundation-
impact-abrasion) hardness was a valuable indicator of performance in the respective tests.  
However, an important family of materials was absent from the Gore paper, namely, metal 
matrix composites (MMCs).  
Considering three-body abrasion of MMCs, there exists a complex system of interactions, 
which has been the subject of countless research articles [4], [16], [20]–[24]. Ultimately, in a 
simplified scenario, there are 4 components that interact during three-body abrasion of MMCs:  
the metal matrix, the hard particles, the abrading media, and the secondary surface.  Applying 
this terminology to the familiar ASTM G65 test method, the following depiction can be created, 
Figure 5. 
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While trends can be established between hardness and abrasion resistance for most 
materials this is not the case for a MMC since it does not have a traditional hardness value and is 
generally not as straight forward as the prior depiction.  Often an amount of the hard particle 
constituent dissolves into the liquid metal matrix due manufacture of the MMC and then 
precipitates as either the same primary particle composition or as secondary particles.  These 
secondary particles are a combination of elements present in the particles or matrix [13].  This 
phenomena has become the focus of research efforts to develop alloys whereby carbide 
formation occurs in situ via precipitation during solidification [25].  Yang et al. has evaluated 
this approach and analyzed the precipitation of phases in a nickel matrix with titanium carbide, 
both M23C6 and TiC [25].  Figure 6 below shows the complex microstructure achieved with these 
types of in-situ precipitation formed MMC alloys. 
FIGURE 5 - ASTM G65 INTERACTION ILLUSTRATION FOR MMCS 
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FIGURE 6 - COMPLEX MICROSTRUCTURE OF IN SITU FORMED NI-TIC ALLOY [25] 
 
 As may be expected, Yang et al. also noted that the micro-hardness of the resulting alloy 
increased with effective volume fraction of the carbide phase [25].  Wang et al. who observed 
similar microstructures to those of Figure 6, showed the process of forming titanium carbide 
using ferrotitanium and graphite in-situ in the melt pool formed by laser melting [26].   
 
1.4 Modeling Wear Resistance in Metal Matrix Composites 
 Given their complex microstructure and the difficulty of assigning a hardness value to 
MMCs, work has been done to develop different methods and models correlating wear resistance 
to more commonly measurable (and understandable) parameters [18], [27], [28].  One of the first 
and simplest methods is using the rule of mixtures, i.e. the assumption that the MMC 
constituents’ properties, weighted by volume fraction, will yield the performance of the resultant 
mixture.  However, this approach does not take into account factors such as particle bonding to 
the matrix, particle fracture, and / or any other secondary interactions that may take place during 
testing.  Al-Rubaie proposed an “equivalent hardness” method that measures the hardness of the 
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matrix after testing, to effectively incorporate the work hardening of the near surface matrix 
phase during testing into the analysis [28]. An additional model [29] proposes use of the Archard 
equation for sliding wear, shown below: 
 
Where V is the volume loss (mm3), k1 is the wear rate (dimensionless), P is the load (N), L is 
distance (m), and H is Vickers hardness (HV).  Other methods suggest that the ratio of the 
abrasive media hardness to the particle hardness should be considered when attempting to 
understand abrasion in MMCs [17]. Ultimately, no overall solution has been presented that is 
successful at modeling the multiple complex scenarios present in MMCs. 
 The development of a comprehensive model for MMCs is further complicated by the fact 
that there remains significant discussion on the exact mechanisms that occur during the act of 
abrasion.  As the abrading particle crosses the matrix, it can behave very similarly to the 
previously mentioned sliding or rolling as discussed by Nahvi et al. [18].  When the abrading 
particle reaches the hard particle, two things can happen:  1) the particle continues to slide or 
groove the surface or 2) the particle begins to roll across the surface.  Each of these interactions 
between an abrading particle and hard composite particle can also generate micro-cracks in the 
composite particle, which may eventually result in failure due to fatigue.  The toughness of the 
hard particle and its overall resistance to fatigue is both intrinsic to the particle type and also the 
method used to produce the particle.  An additional factor is the size of the composite particles 
and the size of the abrading particle.  The effect of the composite particle dimension has been 
studied [20], [30]–[32] and while perhaps not relating to the ASTM-G65 simulated three-body 
abrasion system, particle size is noted to affect performance.  Kamdi et al. [30] specifically 
focused on the relationship between the abrading particles and the embedded composite hard 
EQUATION 1 
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particles and showed that when the abrading particles are much larger than the hard phase the 
sample tends to wear in a more homogeneous manner.  An additional component of the study 
reinforced the observation that abrading particles’ hardness is a prime constituent governing both 
the overall wear of the sample and in determining if micro-crack fatigue can be expected.  These 
results were reinforced by a study of Ala-Kleme et al, in which the authors studied multiple 
factors of a WC-tool steel MMC and analyzed the effect of carbide size and volume fraction on 
abrasion using the dry stand rubber wheel experiment [21]. A summary of their results is shown 
below in Figure 7. 
 
FIGURE 7 - SUMMARY OF ALA-KLEME FINDINGS [21] 
 
A study by Van Acker et al. showed that when abrading using the ball-on-disc test with 
an Al2O3 ball an increased concentration of carbides with finer particle size were the most 
favorable conditions for minimizing wear in a WC-Ni MMC [32].  One point worth mentioning 
for this case is that the test method used differed from that of ASTM-G65 in that it evaluated a 
two body abrasion system, rather than a three body system.  An additional paper by Stachowiak 
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focused on the effect of the abrading particles’ morphology including the “spike parameter-
quadratic fit” or SPQ parameter, a basic measure of the particles’ angularity, on the overall wear 
rate [33].  Results from this study (Figure 8) show the correlation between SPQ values and mass 
loss in high chromium white cast iron using a cylinder-on-disc test.  Although this study was not 
of a MMC, the high chromium white cast iron studied generally would contain a complex 
carbide microstructure, comparable to that of a MMC [33].  
 
FIGURE 8: PARTICLE ANGULARITY VS WEAR RATE (FROM [33]). 
 
A separate study evaluated the particle morphology, i.e. angular vs. spherical, in addition 
to several hardness characteristics on the effect of continuous impact abrasion wear rate [22].  In 
this study, Badisch et al. incorporated an impeller to propel the abrasive particulate at the 
samples, resulting in a high frequency impact rate.  The strategy with this test method was to 
evaluate the toughness of the carbides in the MMC, since less tough carbides will result in more 
micro fatigue and eventual fracture of the hard particle phase in the composite and when this 
phase fractures, it is much more susceptible to pull out, leading to an accelerated erosion of the 
16 
 
matrix phase [22].   A similar testing approach (among others) was pursued by Dogan [23] in 
which the alloys studied consisted of steel or nickel matrices containing titanium carbide as the 
hard composite particle.  Various alloys obtained using powder metallurgy and a liquid phase 
sintering technique to consolidate the powders were tested in varying wear modes. Contrary to 
the previously described coarse laser cladding hard particles [22], [32], the titanium carbide 
particles were on the order of less than 10 micron in diameter with average spacing of 1-2 
microns.  From a dry sand rubber wheel, ASTM G65 approach, the fine, less than 5 micron 
particles exhibited better wear resistance than the coarse, about 10 micron particle composites.  
However, in the impact test the particle size did not seem to effect the results, and all data points 
fell within a linear relationship of hardness-vs.-volume loss; in erosion tests the coarser particles 
tended to perform better in terms of reduction of volume loss [23].   
One study [26] indicated that the performance of an alloy under erosive conditions can be 
quite different from simple wear. Erosion mechanics for weld overlays on cast iron were also 
evaluated by Sapate et al. [34],  who found that the main wear contributor was the erodent 
particle hardness and other erosion conditions. The eroding particles used were either silica sand 
particles or alumina particles [34].  This is taken one step further with studies considering the 
effects of erosion-corrosion [35].  
In summary, many different test methods and MMC alloys have been studied in an effort 
to determine and describe their performance under wear conditions.  While no comprehensive 
model has been formulated to cover the performance of MMCs, and much work remains to be 
done in order to understand the complex relationship between all the factors associated with 
MMC structure and production as relates to mechanical properties, in MMCs are highly 
evaluated and exceptional performers in differing forms of wear.  
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CHAPTER 2. DESIGNING A METAL MATRIX COMPOSITE 
2.1 The Hard Composite Particle 
There are many combinations of metal matrix composites that can be mixed in powder 
forms [13], however, the method of production can limit the scope of alloys available for 
selection.  For the purposes of this thesis, laser cladding will be used to study the delivery and 
performance of a suitable MMC alloy for wear purposes.  Thus, when selecting MMC composite 
constituents for application via powder laser cladding, there are multiple factors to keep in mind: 
solubility, melting temperature, and particle size.  The latter of these is a physical characteristic 
while the two former are important from process control and management considerations.  When 
considering composite creation, the solubility of the ceramic hard particle phase in the metal 
matrix can have large effects on the resulting clad layer and its properties [25].  
Figure 9 shows an example of one type of ceramic hard particle, namely a WC particle, 
embedded in a high-speed steel matrix.  The solubility of the WC is significant in the Fe based 
alloy and a diffusion layer can be observed.  This outer layer is the formation of W2C along the 
particle-matrix interface as carbon diffuses into the matrix.  W2C formation has been viewed as 
being detrimental to the properties of the carbide particles, and production parameters are 
generally targeted in an attempt to avoid this occurrence [36]. In this study, the materials chosen 
were selected in part because of their strong insolubility in ferrous alloys.  Information 
concerning the solubility of titanium carbide, among other carbides and nitrides, in steel alloys is 
provided in Figures 10 and 11. 
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FIGURE 9 - WC PARTICLE IN HIGH SPEED STEEL MATRIX [24] 
 
 
FIGURE 10 - SOLUBILITY PRODUCT OF CARBIDES AND NITRIDES IN AUSTENITE AS A FUNCTION 
OF TEMPERATURE [37] 
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FIGURE 11 - SOLUBILITY ISOTHERMS OF NIOBIUM CARBIDE, TITANIUM CARBIDE AND 
VANADIUM NITRIDE IN STEEL AT DIFFERENT TEMPERATURES [38] 
  
In addition to solubility, another indication of stability of the ceramic hard phase in the 
metal matrix of the composite can be indicated by the combination of melting temperature and 
enthalpy of formation. A listing of possible candidates from this point of view is shown in Figure 
12. 
 
FIGURE 82 - MELTING TEMPERATURE OF METAL CARBIDES AND ENTHALPIES OF FORMATION 
OF METAL CARBIDES [39] 
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While the discussion to this point has been concerned with the stability of the ceramic 
hard phase within the metal matrix, equally important is the need to choose a hard phase that is 
optimum for wear characteristics. The particular type of material performance being targeted is 
abrasion resistance. Gore [19], tested a number of materials ranging from HV 80 to HV 1700 
using ASTM G65.  Given this initial study, metal-carbides with high hardness were targeted for 
selection as ceramic compounds suitable for increasing abrasion resistance of a metal matrix 
composite.   The hardness of various carbide particles (as well as nitrides and borides) are given 
in Tables 2 and 3 below by Hugh, et al. [39], and Rohatgi, et. al [40].   
 
TABLE 2 - MECHANICAL PROPERTIES OF GROUP IV INTERSTITIAL CARBIDES AND OTHER 
REFRACTORY COMPOUNDS AT 20OC [39] 
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TABLE 3- DENSITY AND HARDNESS OF SELECTED PARTICLES [40] 
 
 
When considering the factors listed in Figures 10- 12 and Tables 2-3, titanium carbide 
emerges as being the material of most interest. Despite having the lowest melting temperature of 
the group IV metal carbides, it is higher than common industrial Group VI carbides and higher 
than common steels.  When considering the enthalpy of formation TiC has a H value of ≈ -175 
kJ/g atom M [39]. It has one of the highest hardness values and tensile strength, and is a readily 
available material.  Thus, TiC appears to satisfy the requirements of being successful in a laser 
clad ceramic-metal matrix composite that would be intrinsically abrasion resistant.   
 
2.2 The Metal Matrix 
The next factor to consider in a composite material system is the matrix itself.  
Requirements that may be considered when discussing candidates suitable for laser cladding 
include: melting temperature, metal powder availability, and susceptibility to cracking during 
solidification.   Melting temperature was discussed previously in this chapter as an indication of 
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chemical stability, however, in the case of the metal matrix, a higher melting temperature causes 
inherent difficulties in the cladding process. The most obvious detrimental effect is lack of 
melting of the matrix phase, resulting in a poor cladding.  If the temperature required to establish 
this melt pool exceeds what is attainable using the laser, then a composite layer with poor 
mechanical properties and adherence will occur.  If the laser is indeed able to supply the needed 
energy, a higher temperature melt pool can lead to increased solubility of the ceramic particle 
phase in the metal matrix, as discussed previously.  The last detriment of a high melting point 
metal matrix is that the substrate that the cladding is being applied to may partially melt, 
resulting in mixing of the substrate composition into the cladding and altering its targeted 
properties.  This phenomenon is referred to as dilution.   
After considering the advantages and disadvantages of various steel alloys, including 
requirements concerning melting temperature, hardness, and solubility effects, and taking 
advantage of previous work as detailed in Chapter 1 describing the results from several systems, 
a 431 stainless steel was selected as the matrix phase.   
 
2.3 Designing the Composite 
After the starting materials have been selected, the volume fraction and particle size 
distribution of ceramic to be investigated must be established.  In order to provide a wide range 
over which relationships can be evaluated, volume fractions of 0%, 20%, 40%, 60%, and 80 % 
titanium carbide were selected.  Table 4 details the identification scheme used to differentiate the 
studied samples.  Three separate samples were created for each volume percent studied and the 
results were compared for both carbide suppliers.   
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The distribution of sizes of titanium carbide particles used in the volume fraction study 
were the as-supplied distributions received from the supplier, i.e., Hoeganaes and Tekna.  For the 
powder distribution study, only Tekna powder was used.  These distributions were measured 
using a standard sieve analysis and six different classifications of powder samples were defined: 
normal, uniform, fine, small, medium, and large titanium particles.  The size ranges that 
correspond to these divisions are shown in Table 5 with the percent make up of each size fraction 
included.  Note that uniform and normal designations contained a blend of different powder sizes 
while fine, small, medium, and large designations consisted of powders that fell within a specific 
sieve range.   
Also of note is that the Tekna powder had undergone a proprietary spheroidization 
process by the supplier whereas the Hoeganaes powder had not and thus was angular and 
irregular in shape.  This enabled evaluation of the effect of powder particle morphology to be 
conducted during the course of this study. During the cladding process, the titanium carbide 
particles are expected to remain unchanged due to their significantly higher melting temperature, 
meaning that the particles were expected to retain the same as-formed microstructure with 
anticipation that the rounding of the particle edges (i.e., the Tekna powder) will lead to a more 
robust particle that is more resistant to fatigue fracture.  
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CHAPTER 3. EXPERIMENTAL PROCEDURE 
3.1 Powder Characterization 
The starting powder particles were analyzed for both particle size distribution and 
morphology. The particle size distribution was measured using three separate 100g test lots from 
each powder lot. This was accomplished using a Retsch AS 200 vibratory sieve in conjunction 
with a Humboldt USA Standard Sieve set.   The sieves were thoroughly cleaned with an 
ultrasonic cleaner both before and after any change of material, and compressed air was used to 
eliminate blinding, a phenomena in which fine powders adhere and block the openings in the 
sieve, between each batch.  The vibratory sieve was run at an amplitude of 2mm for 1 hour for 
each sample and then the remaining powder on each sieve was carefully transferred to the 
corresponding vessel to be massed.   
Powder mounts were created to evaluate cross sectional porosity of the powder particles, 
while SEM imaging was used to capture the external powder particle morphology.  Powder 
mounts were created by mixing a small amount of epoxy with a sample of the as-supplied 
powder.  The resulting mounts were ground and polished to reveal the internal structure, 
indicating the degree of porosity and processing technique. These mounts were also used for 
measuring the particle hardness prior to laser cladding.  The largest particles were chosen for 
hardness measurements, using a Leco Automatic Hardness Tester (AMH43), to avoid effects of 
the epoxy. The SEM used for characterization was JEOL 6060 LV operated at 20kV using 
secondary electron imaging. 
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The final characterization specifically focused on the Tekna powder that was modified to 
yield a more spherical structure.  The process used by Tekna involves passing the particles 
through an induction plasma followed by controlled cooling.  This process does not result in 
complete spheroidization of the particles so the percent that were affected by the process was 
measured using the following grid technique.  A grid was mapped on an SEM image of the 
Tekna powder at 100X, resulting in 56 vertices.  Each vertex was then recorded as either 
indicating some rounding, or no rounding effect. The percent rounding was then calculated by 
taking the fraction of rounded particles that was incident on a vertex over the total number of 
vertices incident on powders.  If the vertex was not located on a powder particle, it was not 
included in the calculation. 
FIGURE 9 - GRID METHOD FOR TEKNA SPHEROIDIZATION ANALYSIS 
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3.2 Sample Creation 
As described above, TiC powder for use as the ceramic hard phase was obtained from 
two different suppliers, Tekna and Hoeganaes. Due to powder feeding inconsistencies and to 
ensure melt consistency, the general size fraction targeted for the powder laser cladding system 
used was between 45 um and 150 um.  While powders of the selected matrix phase material of 
431 stainless steel were available in this size range from the supplier, the size range of the 
supplied TiC material had both larger and smaller particles that needed to be removed.    After 
the titanium carbide powder had been separated it was combined with the 431 stainless steel 
matrix material using a balance according to the weight percentage calculated from the targeted 
volume fractions shown in Table 4.   Each powder blend was mixed in a Glen Mills Turbula T2F 
for one hour to ensure uniform mixing had occurred.   
TABLE 4 - VOLUME FRACTION SAMPLE LAYOUT 
Tekna Titanium Carbide 
Identification B T20 T40 T60 T80 
# of Samples 3 3 3 3 3 
Carbide Volume Fraction 0 20 40 60 80 
Hoeganaes Titanium Carbide 
Identification B H20 H40 H60 H80 
# of Samples 3 3 3 3 3 
Carbide Volume Fraction 0 20 40 60 80 
 
To maintain consistency and a reasonable number of experiments, 20 volume percent of 
Tekna supplied titanium carbide was used for the particle size distribution experiments.  The 20 
volume percent of these particles was distributed as shown below in Table 5 by combining 
appropriate amounts of each sieved size of powder.  
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TABLE 5 - DISTRIBUTION SAMPLE LAYOUT 
Sample 
ID 
45-53 um 53-63 um 63-75 um 75-90 um 90-106 um 
106-125 
um 
125-150 
um 
N 2% 13.5% 34% 34% 13.5% 2% 0 
U 14.3% 14.3% 14.3% 14.3% 14.3% 14.3% 14.3% 
F 100%       
S   100%     
M     100%   
L      100% 
 
Once the appropriate mixtures of powder samples had been created they were applied to 1040 
steel substrates that are 1” x ½” x 3” in dimension, with the 1” x 3” face being the clad area as 
specified in the ASTM G65 standard [14]. 
An 8kW Trumpf Trudisk Laser was used to generate the laser beam for melting and a 
fiber optic cable transports the beam to the laser cladding head in the enclosed cell.  A Hi-Yag 5 
x 5 mm optic set was used to concentrate the powder stream to the focal point of the laser, as 
depicted below in Figure 14, and a Fraunhofer Coax 8 powder laser cladding head housed these 
units (Figure 15).   
 
FIGURE 14 - FRAUNHOFER COAX POWDER FEED.  Β IS THE APEX ANGLE OF THE CONE, FP IS THE 
DISTANCE BETWEEN NOZZLE TIP AND POWDER STREAM FOCUS, DP IS THE CONE DIAMETER OF 
THE POWDER STREAM FOCUS, AND L IS THE DISTANCE BETWEEN NOZZLE TIP AND WORK PIECE. 
[41] 
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The powder mixture was fed to the Fraunhofer Coax 8 laser cladding head using a 
Thermach Model AT-1210 powder feeder with argon carrier gas, and an ABB IRC5 Robot was 
used to manipulate the cladding point across the sample surface.  The substrates were located 
using a fixture and aligned with the robot program so that deposition occurred in the same 
manner from sample to sample. 
 
FIGURE 10 - FRAUNHOFER COAX 8 POWDER LASER CLADDING HEAD 
 
 The strategy for depositing material on the substrate surface was a unidirectional raster, 
in that the cladding point was indexed from left to right, starting and ending off the sample.  This 
prevents zero velocity points from occurring on the ends of the sample, reduces the input of 
excessive heat to the sample, and maintains consistency across the entire clad sample.  After the 
initial clad pass had been completed, the laser cladding head was translated slightly orthogonal to 
the pass direction and a second pass was applied, again left to right, overlapping the initial pass.  
The translation was controlled to produce 50% overlap between beads and the process was 
continued until the entire sample surface is clad. A schematic of the process is shown in Figure 
16. 
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FIGURE 17 - BASELINE AS CLAD EXAMPLE 
 
Figure 17 shows an example as-clad surface from one of the baseline samples.  The individual 
beads are overlapped as the laser is indexed between each pass.  There are visible slag inclusions 
that manifest on the surface, eventually removed in the grinding process. 
3.3 Abrasion Testing 
Before the clad material can be tested for abrasion resistance the as-deposited surface 
profile must be rendered flat, since that is a requirement for ASTM G65 analysis.  This was 
FIGURE 16 - CLADDING STRATEGY FOR G65 SAMPLES 
Cladding Direction 
Cladding  
Direction 
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performed using a Kent USA KGS-181AH automatically indexing surface grinder.  A diamond 
grinding wheel was used due to the hardness and abrasiveness of the titanium carbide particles 
embedded in the metal matrix.  The as-deposited maximum thickness of 1.5 mm from the 
deposited material was ground to a thickness of 1 mm to ensure removal of all as-deposited 
roughness and produce a consistent surface.  In some samples slight porosity was revealed 
during the grinding operation, most likely due to gas formation or incomplete bonding during the 
cladding process.  
 All testing was performed according to ASTM G65, procedure A, shown in Table 6 
below as reproduced from the standard document.  The one exception to this is that the baseline 
samples had to be tested under procedure B (2000 rotations) conditions given their lack of 
abrasion resistance.  The mass loss results were anticipated to be linear and therefore scaled by 
three to be comparable to the procedure A (6000 rotations) tests. 
TABLE 6 - ASTM G65 PROCEDURE TABLE [14] 
 
 
The mass of each sample was recorded prior to testing and after testing was completed.  
An additional measurement that was tracked was the diameter of the rubber wheel before each 
test.  This is important in being able to record the actual linear distance of abrasion the sample is 
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exposed to during the test.  As the wheel diameter is reduced, the overall abraded length is 
reduced so the final volume loss must be adjusted.  The wheel diameter may also change slightly 
after each dressing process, which removes peaks from the wheel surface that develop during 
testing.  This dressing process is described in the ASTM G65 procedure [14], but suggests 
mounting a diamond cut file in place of the specimen and running the wheel under load until the 
surface is free of grooving.   
 
3.4 Sample Characterization 
 Macro-hardness values were taken from the laser clad surface (after grinding) outside of 
the wear scar location caused from abrasion testing.  A series of five Rockwell C indents were 
taken randomly from each sample and recorded.  If one of the indents resulted in observed 
fracture (this most commonly occurred in the higher volume percent carbide containing 
samples), then that value was disregarded and an additional measurement was taken.  ASTM E18 
[42] details the minimum thickness for Rockwell C hardness of 50 requiring a thickness of 0.81 
mm.  The resulting coating thickness was at least 1 mm on each sample and each hardness value 
is greater than this, so this standard is upheld.   
 One sample from each set of three repetitions was selected randomly to be examined 
using scanning electron microscopy (SEM), micro-hardness, and energy dispersive spectroscopy 
(EDS) compositional analysis. Images were taken at varying magnifications in back scattered 
electron composition mode.  The wear surfaces were imaged using either secondary electrons via 
SEM or a light microscope.  EDS was captured of both the titanium carbide particles and the 
matrix phase using a windowless Oxford detector with INCA software.  Multiple data points 
were captured from different carbides in the same samples and across multiple samples to ensure 
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a varied population and the most representative results.  Finally, Vickers micro-hardness points 
were taken randomly from each sample on carbide constituents large enough to have significant 
area analyzed with minimized risk for edge effects using a LECO AMH43 automated 
microhardness tester and 300g indent loads. 
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CHAPTER 4. RESULTS 
4.1 Powder Analysis 
The titanium carbide powder particles were analyzed for morphology, hardness, and 
uniformity of particle size distribution.  The results are discussed in turn below. 
 
4.1.1 Powder Morphology 
 
The Tekna supplied powder had undergone a proprietary spheroidization process, 
utilizing plasma to round the edges of the particles, intended for better abrasion resistance.  An 
SEM image of the as received power particles is seen below in Figure 18: 
 
FIGURE 18 - 100X SEM IMAGE OF TEKNA PARTICLES 
 
Some particles were not affected by the plasma treatment, as they remained quite angular.  
Estimated using a grid method, it was determined that 66% showed some spheroidization effect, 
while the remaining 34% remained unchanged.  The results of the variation in level of 
spheroidization is most likely due to either the particle size, location of the particle as it passed 
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through the non-uniform plasma, or a combination of these effects.  At higher magnifications 
(Figure 19) dendrites and individual grains in the spheroidized particles are apparent.  This is 
presumably due to the melting and re-solidification of the particle during the plasma treatment. 
 
FIGURE 19 - 500X SEM IMAGE OF TEKNA PARTICLES 
 
In contrast, the Hoeganaes titanium carbide, which had undergone no spheroidization 
technique, was very angular in nature. Fine particles were observed adhering to the larger 
particle surfaces. The morphology of those particles is shown below in Figures 20 and 21. 
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FIGURE 20 - 100X SEM IMAGE OF HOEGANAES PARTICLES 
 
 
FIGURE 21 - 500X SEM IMAGE OF HOEGANAES PARTICLES 
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4.1.2 Size Distributions 
 
Not only are the morphologies different, but the measured powder particle size 
distributions vary as well between the two suppliers.  The Hoeganaes powder  had a much 
broader size distribution (Figure 22) than the Tekna powder (Figure 23), being comprised largely 
of particles less than 45 um in size with almost equal amounts of 5-10% being found for the 
remaining eight size ranges examined.  In contrast the Tekna powder showed an almost Gaussian 
distribution about a mean particle size in the 63-75 µm size range. Measured values between the 
three samples tested from both suppliers were fairly reproducible.  
 
FIGURE 22 - HOEGANAES SUPPLIED TITANIUM CARBIDE POWDER DISTRIBUTION 
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FIGURE 23 - TEKNA SUPPLIED TITANIUM CARBIDE POWDER DISTRIBUTION 
 
4.1.3 Powder Microstructure 
 
 Microstructures obtained from cross-sectioned samples of the two powders are shown in 
Figure 24.  The images confirm many aspects noted when examining the powder morphology, 
i.e. the Tekna material contains far more rounded particles while the Hoeganaes material entirely 
consists of angular particles. The Tekna supplied powder has inherently more porosity than the 
Hoeganaes supplied material. The respective difference in powder distributions noted above are 
also reflected in the cross sectional images, captured via light optical microscopy.   
 
 
38 
 
 
FIGURE 114 – A) TEKNA POWDER AT 100X, B) HOEGANAES POWDER AT 100X, C) TEKNA 
POWDER AT 500X, AND D) HOEGANAES POWDER AT 500X 
 
4.1.4 Powder Hardness 
 
Particle hardness was measured from the powder mounts as described in Chapter 3.  
Indents that resulted in fracture of the carbide due to the epoxy’s lack of stiffness or were not 
fully centered on the particles were not included in the analysis, as they were suspected of not 
providing accurate readings.  The results obtained are shown in Table 7.  Particle hardness was 
also measured after the composite had been deposited on the substrate.   
 
a b 
c d 
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TABLE 7 - MICROHARDNESS VALUES OF THE TIC PARTICLES 
 
 
 
Tekna Hoeganaes 
 
 Average Std Dev Average Std Dev 
V
o
lu
m
e 
F
ra
ct
io
n
 T
iC
 Initial 2796 436 2910 492 
20 2091 209 2254 323 
40 2191 306 2361 296 
60 2371 355 2403 214 
80 2349 228 2476 327 
 
4.2 Composite Analysis 
4.2.1 Microstructure 
 
Cross sectional SEM images were captured to evaluate the particle distribution, 
precipitation of secondary carbides and overall particle morphology after cladding.  Figures 25-
34 show backscatter shadow mode images of both the Hoeganaes and Tekna particles at varying 
magnifications and volume fractions of TiC. 
 
FIGURE 125 - 1000X SEM (BSE SHADOW) OF TEKNA 20 VOL% TIC 
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A highly magnified image of a Tekna particle in shown in Figure 25.  Four distinct 
phases appear to coexist: the large, primary TiC carbide, smaller secondary carbides (dark gray), 
and a two phase matrix.  The large particle indicates some rounding, indicative of the initial 
Tekna particles after the spheroidization process.   
Figures 26-27 show the Tekna samples at 40% volume fraction.  The same phases are 
observed, and the nucleation of precipitated secondary carbides seem to be concentrated near the 
edge of the large particles.  In Figure 26, there is a large region void of carbides, due to dilution 
and the overall mixing taking place in the sample during the cladding operation. 
 
 
FIGURE 136 - 65X SEM (BSE SHADOW) OF TEKNA 40 VOL% TIC 
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FIGURE 147 - 500X SEM (BSE SHADOW) OF TEKNA 40 VOL% TIC 
 
 
FIGURE 158 - 160X SEM (BSE SHADOW) OF TEKNA 60 VOL% TIC 
 
42 
 
As the volume fraction is increased to 60 volume percent, Figure 28, the amount of matrix and 
therefore secondary carbides decreases.  The particle morphology continues to remain unchanged 
from what was observed prior to the cladding operation.  Fracture lines are apparent through 
some particles, indicated by a thin line of matrix phase across the particle surface. These fracture 
lines are apparent in Figure 29, which is an image from the 80% volume fraction sample.  The 
particles that responded most to the spheroidization treatment show fracture lines more so than 
the more angular particles, indicating that the treatment may have potentially reduced the overall 
toughness of the particles.   
 
FIGURE 29- 500X SEM (BSE SHADOW) OF TEKNA 80 VOL% TIC 
 
Figures 30-34 show the Hoeganaes sample microstructures, which have similar 
characteristics as the Tekna particles.  These particles seem to be more susceptible to fracture 
either by thermal shock or residual stresses from solidification.  Multiple fractures were observed 
even within the same particle.  
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FIGURE 30- 1000X SEM (BSE SHADOW) OF HOEGANAES 20 VOL% TIC 
 
 
FIGURE 31 - 500X SEM (BSE SHADOW) OF HOEGANAES 40 VOL% TIC 
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The dendritic structures appear more frequently in the higher volume fraction samples, shown in 
Figure 31.  An example of the microhardness indents is shown in the center of Figure 31.  A 
highly magnified image of the matrix area is shown in Figure 32.  Cellular regions exist of a 
brighter phase, while carbide precipitation is still visible.  The small size of these regions, the 
secondary carbides, and the tertiary carbide phases (well below 1 micron in many cases) make a 
more definitive characterization of their nature impossible using SEM / EDS. 
 
 
FIGURE 162- 1000X SEM (BSE SHADOW) OF HOEGANAES 60 VOL% TIC 
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FIGURE 173- 250X SEM (BSE SHADOW) OF HOEGANAES 80 VOL% TIC 
 
 
FIGURE 184- 1000X SEM (BSE SHADOW) OF HOEGANAES 80 VOL% TIC 
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Figures 33 and 34 represent the 80 vol% Hoeganaes and in Figure 34 the fractures appear to 
occasionally result in catastrophic failure of the TiC particle. 
 Figures 25-34 have also indicated that the matrix is not single phase, as a complex 
microstructure can be observed.  431 stainless steel is a martensitic stainless steel, but the clad 
matrix does not correspond to a martensitic microstructure.  Figure 35 shows a highly magnified 
SEM image of the matrix phase assemblage. 
 
FIGURE 195 - 4000X SEM (BSE SHADOW) OF HOEGANAES 60 VOL % 
 
The precipitated carbides are visible as the black angular particles.  Ferrite dendrites are present 
as the lighter phase, and the intermediate grey phase is a eutectic, believed to consist of Fe and 
(Fe, Ti)3C phase.  This identification is suggested by the following partial composition range 
phase diagram, which highlights the eutectoid phase transformation. 
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FIGURE 206 - PARTIAL COMPOSITION PHASE DIAGRAM FOR C-FE-TI [43] 
 
The right portion of the diagram in Figure 36 is the region of interest.  During the cladding 
process some melting of the TiC powders is expected, as is melting of the substrate. This will 
produce a change in composition, resulting in both an increase in C and the dissolution of Ti into 
the Fe matrix. The eutectoid composition in a pure Fe-C phase diagram is located at 3.3 at% C, 
while the diagram shown in Figure 36 indicates that the presence of titanium causes a shift in 
eutectoid composition to about 5.2 at% C while also predicting a microstructure of Fe plus TiC 
carbides.  This is consistent with the observations of Figure 35.   
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4.2.2 Hardness and Volume Loss 
 
Tables 8 and 9 below summarize the basic data captured for each sample: designated 
label, targeted volume percent of the titanium carbide particles, the source of the titanium carbide 
particles (Tekna or Hoeganaes), the adjusted volume loss (taking into account the wheel diameter 
reduction), and the average sample hardness from a minimum of three data points. 
 
TABLE 8 - VOLUME LOSS AND HARDNESS BY CARBIDE VOLUME FRACTION 
Label TiC Vol% TiC Source Mass Loss (g) Average Sample 
Hardness (HRC) 
B-1 0 -- 2.4717 48.4 
B-2 0 -- 2.8689 47.5 
B-3 0 -- 2.8131 48.5 
T20-1 20 Tekna 0.6553 50.7 
T20-2 20 Tekna 0.7181 50.2 
T20-3 20 Tekna 0.6726 52.1 
T40-1 40 Tekna 0.4534 58.5 
T40-2 40 Tekna 0.3183 55.6 
T40-3 40 Tekna 0.3416 53.6 
T60-1 60 Tekna 0.0902 54.6 
T60-2 60 Tekna 0.0859 62.9 
T60-3 60 Tekna 0.1132 63.7 
T80-1 80 Tekna 0.1138 65.1 
T80-2 80 Tekna 0.1103 63.4 
T80-3 80 Tekna 0.078 65.1 
H20-1 20 Hoeganaes 0.4645 53.1 
H20-2 20 Hoeganaes 0.4987 53.0 
H20-3 20 Hoeganaes 0.7499 53.7 
H40-1 40 Hoeganaes 0.2182 59.4 
H40-2 40 Hoeganaes 0.2586 61.9 
H40-3 40 Hoeganaes 0.2462 60.3 
H60-1 60 Hoeganaes 0.1432 62.5 
H60-2 60 Hoeganaes 0.0778 63.1 
H60-3 60 Hoeganaes 0.0953 60.1 
H80-1 80 Hoeganaes 0.1241 63.6 
H80-2 80 Hoeganaes 0.0746 61.5 
H80-3 80 Hoeganaes 0.0721 58.2 
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TABLE 9 – VOLUME LOSS AND HARDNESS BY CARBIDE DISTRIBUTION 
Label TiC Vol% Distribution Mass Loss (g) Average Sample 
Hardness (HRC) 
U-1 20 Uniform 0.788 50.6 
U-2 20 Uniform 0.859 54.7 
U-3 20 Uniform 1.033 55.8 
N-1 20 Normal 0.795 59.3 
N-2 20 Normal 0.728 56.5 
N-3 20 Normal 0.599 55.1 
F-1 20 45 - 53 0.795 53.5 
F-2 20 45 - 53 0.9016 55.4 
F-3 20 45 - 53 0.6482 56.1 
S-1 20 63 - 75 0.851 54.2 
S-2 20 63 - 75 0.9743 56.3 
S-3 20 63 - 75 0.847 55.2 
M-1 20 90 - 106 0.54 56.2 
M-2 20 90 - 106 0.5426 56.2 
M-3 20 90 - 106 0.6 54.1 
L-1 20 106+ 0.675 55.9 
L-2 20 106+ 0.5817 54.5 
L-3 20 106+ 0.659 56.4 
 
 
Samples B-1, B-2, and B-3 followed ASTM G65 procedure B (2000 wheel revolutions), 
in order to prevent entire removal of the coating, and then scaled by a factor of three, in order to 
compare to the remaining data that was tested under procedure A (6000 wheel revolutions).   
Individual particle hardness was measured both before and after the particles were clad in 
the composite layer, and those values are tabulated in Table 10. There is a significant reduction 
from the pre-clad state, but the hardness does seem to increase as the volume fraction increases.  
The overall deviation in the particles seems to remain consistent, though they appear slightly 
higher for the initial measurements.  The larger deviation is primarily due to these particles being 
in an epoxy mount compared to an actual clad composite. 
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TABLE 10 - INDIVIDUAL PARTICLE HARDNESS 
 
 
Tekna Hoeganaes 
 
Average 
Std 
Dev 
Average 
Std 
Dev 
Initial 2796 436 2910 492 
20 2091 209 2254 323 
40 2191 306 2361 296 
60 2371 355 2403 214 
80 2349 228 2476 327 
 
A possible explanation for softer carbides in the clad layers is that they were subjected to thermal 
shock and microstructural evidence shows fractured carbide particles.  These fractures may also 
not be visible if the fracture lines are parallel to the cross section direction. 
 
 
4.2.3 Wear Surface - Macroscopic  
 
Figure 37 below show the macroscopic surface of the samples after testing.  The wear 
scars are evident, and were located in the center of each sample.   
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The baseline sample show in Figure 37a did not contain any titanium carbide, and the 
wear scar was very deep, despite running under procedure B, one third of the revolutions 
FIGURE 21 - WEAR SURFACES 
a) Baseline 
b) 20% TiC 
c) 40% TiC 
d) 60% TiC 
e) 80% TiC 
Tekna Hoeganaes 
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prescribed in procedure A.  In the lower sample of the two baseline images, some slight streaks 
are visible in the wear scar, most likely a result of internal porosity in the coating.  The next row, 
Figure 37b, contains samples with 20 volume percent titanium carbide.  The wear scars are 
noticeably different from the baseline, in that they appear much rougher. The upper Hoeganaes 
sample appears to have a slightly broader wear scar. A few of the hardness indent locations are 
also visible in the images, away from the wear scar location.  On a couple of the samples, the 
cladding did not fully fill to the edges, but this would not have had any effect on the abrasion 
test. Slight cracking is observable in the 40 volume percent titanium carbide samples in Figure 
37c.  The overall shape of the wear scar is similar, however they do seem more uniform in 
roughness than the 20% samples.  Individual laser cladding passes are also visible running left to 
right, more evident in the Hoeganaes samples.  The 60 volume percent samples shown in Figure 
37d also exhibit the transverse cracking and even more pronounced clad passes than that shown 
in Figure 37c.  Limited surface porosity is also beginning to develop between the laser cladding 
passes, indicating incomplete fusing to the previous layer. The porosity in Figure 37e is more 
severe than Figures 37b-d.  The lower amount of matrix prevents optimal bonding to the 
previous layers.  The orthogonal cracking is also present, but no more severe than the 60 volume 
percent samples. 
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FIGURE 38 - 200X 40 VOL% TEKNA WEAR SURFACE 
 
 
FIGURE 39 - 200X 40 VOL% HOEGANAES WEAR SURFACE 
 
Figures 38 and 39 depict a comparison of the Tekna cross sectional wear surface to the 
Hoeganaes cross sectional wear surface.  Exposed carbides are observed in the Tekna sample, 
while not in the Hoeganaes, as they appear to have fractured. 
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Figure 40 shows the magnified wear scars for the particle size study (see Table 5 for specific size 
ranges).  The changes in the wear scar are apparent as the sizes of the particles are increased 
from Figure 40a through Figure 40d.  The largest difference in gouge formation appears between 
Figures 40b and 40c.   
 
 
 
 
d c 
b a 
FIGURE 22 - 3X MAGNIFICATION OF WEAR SCARS A) FINE PARTICLES, B) SMALL 
PARTICLES, C) MEDIUM PARTICLES, AND D) LARGE PARTICLES 
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4.2.4 Wear Surface - Microscopic  
 
Representative secondary SEM images of all composite samples and the control samples 
are provided in this section.  Specimens that did not contain the TiC hard phase are shown in 
Figure 41. These control samples exhibited fairly uniform material loss with simple linear wear 
striations visible indicating the relative motion of the abrading particles on the surface of the test 
specimen.  This is as expected; since the baseline samples do not have titanium carbide additions 
there are no obstacles to inhibit the motion of the sand particles. 
 
100X 
200X 
Baseline 
FIGURE 23 – SEM WEAR SURFACE OF BASELINE 
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The following figures (42-45) show the effect of increasing volume fractions of titanium 
carbide hard phase.  
 
 
The first level of titanium carbide addition is shown in Figure 42. The abrasion lines are 
pronounced around the edges of the particles, appearing in the SEM image as a lighter region 
indicative of topographical difference.  The Hoeganaes images seem to exhibit less overall 
Tekna Hoeganaes 
200X 
100X 
FIGURE 24– SEM WEAR SURFACE OF 20% TIC 
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erosion around the particles, perhaps due to their more angular nature, however some pull out is 
observed in the left portion of the 200X image.  
 
Tekna Hoeganaes 
200X 
100X 
FIGURE 25– SEM WEAR SURFACE OF 40% TIC 
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Figure 43, the 40 vol% samples, show no stark differences when compared to the 
previously analyzed 20% TiC samples.  Erosion seems to be somewhat less evident in both 
samples, although it appears in the Tekna samples.  Height differences between the particles and 
the matrix seem less (as qualitatively judged by consideration of the SEM image), and the 
direction of abrasion is not apparent. There appear to be more fine particles present in the 
Hoeganaes images, reflective of the particle size distribution previously discussed. 
 
Tekna Hoeganaes 
200X 
100X 
FIGURE 26– SEM WEAR SURFACE OF 60% TIC 
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In the final set of images shown in Figure 45, there is almost no indication of abrasion 
around the edges of the particles.  The matrix phase appears fairly mottled, indicating surface 
asperities from the act of abrasion, but less abrasion around the particles.  The TiC particles seem 
smooth, with no indication of fracture occurring in either set of powders. 
 
 
 
Tekna Hoeganaes 
200X 
100X 
FIGURE 27– SEM WEAR SURFACE OF 80% TIC 
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4.3 Chemical Analysis 
 Energy Dispersive Spectroscopy (EDS) data was gathered from multiple samples 
associated with both particle sets (i.e. Tekna and Hoeganaes), with at least 10 particles being 
characterized from each sample.  Measurements were taken from the center of each particle to 
avoid response from the matrix phase and the average composition of the particles was tabulated, 
including analysis of the matrix phase.  An example of a typical EDS location map is shown in 
Figure 46 and the tabulated measured compositions are shown in Table 1111 and Table 12. 
 
 
 
FIGURE 46 – EXAMPLE EDS SPECTRUM MAPS FOR TEKNA (LEFT) AND HOEGANAES (RIGHT) 
SAMPLES 
 
 
TABLE 11 - CARBIDE EDS DATA 
Carbide Data C Ti Fe Cr 
Hoeganaes 
Average 54.42 45.46 0.13 0.00 
Std Dev 1.30 1.29 0.06 0.00 
Tekna 
Average 47.11 49.44 2.89 0.50 
Std Dev 1.66 7.31 6.88 1.17 
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TABLE 12 - MATRIX EDS DATA 
Matrix Data Ti Fe Si Cr Ni 
Hoeganaes 
Average 4.61 80.64 1.36 12.20 1.20 
Std Dev 1.01 5.60 0.07 1.21 0.11 
Tekna 
Average 3.58 79.32 1.47 14.27 1.36 
Std Dev 0.84 1.09 0.52 0.06 0.38 
Reference 0.00 80.01 1.56 16.70 1.72 
 
Solubility of the particles in the matrix is evident both by the precipitation of secondary titanium 
containing carbides, exhibiting a somewhat dendritic structure, and the measured compositions 
of Table 11.  There does not appear to be a diffusion layer near the surface of the particles, 
however, an increase in precipitation is noticed near particle-matrix boundaries.  The matrix data 
in Table 12 has had carbon removed, due to measurement limitations, and the remaining data 
normalized.  The presence of titanium in the matrix confirms some solubility of the carbide in 
the matrix given the comparison of the matrix powder reference and its absence of titanium.  
There is not significant data to claim one sample has more dissolution of the carbide than the 
other.   
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FIGURE 287 - DOT MAP BASELINE (HOEGANAES POWDER) 
 
 
The baseline image in Figure 47 shows both the primary titanium carbide particles, the 
precipitated secondary titanium carbide particles, and the two-phase matrix.  The comparison of 
these phases can be seen in the following dot maps shown in Figure 48.  Titanium is visible in 
the matrix, and carbon throughout since the 431 initially also contained carbon. 
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FIGURE 48 - DOT MAP COMPARISON (HOEGANAES POWDER) 
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CHAPTER 5. DISCUSSION 
 
Various aspects of the data gathered were analyzed, including the relationship between 
the measured volume losses, wear resistance, and microstructure; comparison between the 
starting powder morphologies and size distributions as related to wear resistance; and 
compositional differences that result due to laser cladding.  Discussion regarding these 
relationships as well as additional comments are addressed in turn below. 
 
5.1 Hardness and Volume Loss  
Theoretical density is used to derive volume loss, which is a better measure of material 
removal than weight loss, since the overall amount of material removal in terms of grams may 
correspond to a larger or smaller volume loss as the density changes.  Theoretical density was 
calculated using rule of mixtures, simplified to the following formula, 
 
where ρ is density, and Vf is volume fraction. This adjusts the overall mass loss to account for 
differing amount of carbides present in the laser clad deposit.  The table below shows the 
calculated theoretical densities used for each level of titanium carbide volume fraction using 
Equation 2. 
 
TABLE 13 - THEORETICAL DENSITIES OF COMPOSITES 
Volume Fraction of Titanium Carbide 0% 20% 40% 60% 80% 
Theoretical Density (g/cm3) 7.55 7.02 6.49 5.97 5.44 
 
EQUATION 2 
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As noted from the literature review, hardness generally indicates wear resistance, 
measured in this case via ASTM G65 volume loss.  From Figure 49, the relationship can be seen, 
and there is dramatic reduction in volume loss even after the 20 volume percent carbide addition.  
Hardness appears to be a general indication of the amount of carbide included.  The trend lines 
shown below are exponential as the chart is plotted on a logarithmic y-axis. 
 
 
 
 
 
 
FIGURE 29 - VOLUME FRACTION OF CARBIDE VS VOLUME LOSS 
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Any difference between the Tekna and Hoeganaes TiC material had little effect in 
creating any appreciable difference in abrasion resistance.  This is despite the fact that 
macrohardness did seem to be slightly greater for the Hoeganaes-particle-containing clad layer, 
shown in Figure 50.  The one exception to this is the 80 vol% TiC, which had suspect hardness 
values due to the brittle nature of the cladding at that excessive carbide level.  At this high TiC 
content level hardness indents occasionally caused fracture and spallation of the surface.  This is 
indicated in the somewhat larger spread of hardness seen in the 80 vol% TiC samples. 
FIGURE 30- COMPARISON OF MACROHARDNESS AMONG POWDER TYPES AND VOLUME 
FRACTION 
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FIGURE 311 - VOLUME FRACTION OF CARBIDE VS INDIVIDUAL PARTICLE HARDNESS 
 
Figure 51 shows that there may be a slight upward trend in individual particle hardness as 
the overall volume percent increases.  The cause of this phenomenon is that there is overall less 
solubility of the titanium carbide particles in the metal matrix with the presence of more titanium 
carbide.  These samples contain less metal matrix and an abundance of titanium carbide reducing 
the driving force for diffusion.  Figure 51 shows the baseline hardness values as well, showing an 
overall decline in particle hardness when applied via cladding.  This is potentially due to the 
weakening of the particles, as shown by the large amount of fractured carbides in section 4.2.1, 
from thermal shock or by partial dissolution of the primary carbide phase into the matrix. After 
fracture, these particles are more susceptible to partial pull-out as the abrading particles impact 
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the surface of each particle.  The hardness increase seen in the particles does not manifest itself 
in any meaningful way when considering abrasion resistance.  The dominant factor that would 
overshadow any slight increase in individual particle hardness would be the fraction of the 
carbide phase present in the composite, much more so than the particle hardness. 
 
 
5.2 Mean Free Path 
As previously discussed, the primary mode of material removal in abrasive wear is 
gouging. In a composite material gouging is interrupted as the frequency of abrading particle – 
carbide collisions is increased, the frequency increasing as the volume percent of carbide 
increases.  In this thesis, the mean free path between collisions is defined as the distance an 
abrading particle travels across the surface between contacting hard particles.  Considering mean 
free path from a theoretical view, assumptions can be made to calculate the expected mean free 
path.  A simplified model can be formed, assuming that the particles of interest are spherical, and 
that they will disperse evenly throughout the matrix phase.  It is understood that these 
assumptions may not be accurate, but acting as approximations they are considered reasonable.  
Selecting any two particles that are representatively spaced, a square can be drawn with the 
particle centers at two opposing vertices, Figure 52.  The diagonal of this square is now the sum 
of the particle diameter and the mean free path.  The other input to this model is the volume 
fraction of carbide.  This will dictate the overall spacing of carbide particles, and thus, the area of 
this approximated square.  Using this method one can derive the formulas below, and then an 
overall table for estimation of mean free path in a given sample space can be created. 
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FIGURE 322 - MEAN FREE PATH MODEL DEPICTION 
 
 
 
 
And using the Pythagorean Theorem:  
 
 
 
Finally, combining these two equations: 
 
EQUATION 3 
EQUATION 4 
EQUATION 6 
EQUATION 5 
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where Vol% is the volume fraction of hard particles, and r is the average radius of the particles. 
A theoretical table of mean free path as a function of particle size and particle volume fraction is 
calculated and shown below in Table 14 using the derived Equation 7. 
TABLE 14 - THEORETICAL MEAN FREE PATH IN MICROMETERS 
  
Particle Volume Percentage 
  
10% 20% 30% 40% 50% 60% 70% 80% 
P
ar
ti
cl
e 
S
iz
e 
D
ia
m
et
er
, 
u
m
 
50 90.12 49.08 30.90 20.06 12.67 7.21 2.96 -0.46 
60 108.15 58.90 37.08 24.07 15.20 8.65 3.55 -0.55 
70 126.17 68.72 43.26 28.09 17.73 10.09 4.15 -0.64 
80 144.20 78.53 49.44 32.10 20.27 11.53 4.74 -0.73 
90 162.22 88.35 55.62 36.11 22.80 12.97 5.33 -0.83 
100 180.25 98.17 61.80 40.12 25.33 14.41 5.92 -0.92 
110 198.27 107.98 67.98 44.14 27.86 15.85 6.52 -1.01 
120 216.30 117.80 74.16 48.15 30.40 17.29 7.11 -1.10 
130 234.32 127.62 80.34 52.16 32.93 18.73 7.70 -1.19 
140 252.35 137.43 86.52 56.17 35.46 20.18 8.29 -1.28 
150 270.37 147.25 92.70 60.19 38.00 21.62 8.89 -1.38 
 
 
Table 14 can be plotted and the results are shown in Figure 53. It is apparent that the volume 
fraction of hard particles has more effect on the mean free path than the diameter of the particles. 
If one now combines this theoretical calculation against the realized volume loss, the accuracy of 
the model can be tested, and this is shown in Figure 54.  The fit of the model to the data is quite 
good, even given that the assumptions made (particles are spherical, of uniform dimension and 
distribution) are obviously untrue.  
EQUATION 7 
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FIGURE 333 - THEORETICAL MEAN FREE PATH AND EFFECT OF PARTICLE DIAMETER AND 
VOLUME FRACTION 
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FIGURE 344 - CORRELATION OF THEORETICAL MEAN FREE PATH TO MEASURED VOLUME 
LOSS 
 
Overall, the model indicates a strong, positive correlation to the calculated mean free 
path, information that could be used to guide future experimentation.  The model begins to break 
down as the calculated mean free path approaches zero.  This is expected since mean free path 
must reach some limiting factor; binder is a requirement to the overall formation of a composite 
material. At a mean free path of zero you would be depositing pure titanium carbide, which is 
not realistic in the systems being evaluated. 
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5.3 Morphology Effect 
The next evaluation is to compare the particle morphology effect on overall hardness and 
volumetric loss.  The internal porosity from the cross sectional metallography mounts give 
concern for the robustness of the particles, specifically in the case of the Tekna plasma treated 
particles.  It was presumed that the rounded particles may be less susceptible to fracture during 
abrasion as the incoming abrading particles may interact with the titanium carbide particles in a 
glancing manner, reducing the overall load absorbed by the impact.  This presumed reduction in 
load would diminish crack propagation within the carbide particle, increasing the impacts to 
fracture.  After evaluating cross sectional images of the wear surface, there is indeed a difference 
in the observed wear pattern.  Figures 38 and 39 in section 4.2.3 highlight the observed 
differences.  The direct comparison shows the Tekna particles protruding from the surface as the 
matrix is worn away around the particles, while the Hoeganaes particles are fractured due to the 
abrasive impact.  However, despite the wear modes appearing different, this difference does not 
manifest itself in an increase in abrasion resistance. 
 
5.4 Compositional Analysis 
Considering the titanium-carbon phase diagram shown in Figure 55, we can see that 
single phase TiC is not a line compound, but exists across a compositional range.  Given this and 
the inaccuracy in measuring carbon, no major claims can be made regarding the potential for one 
particle type resulting in more or less precipitated secondary phases on a compositional basis.  
However, from a microscopy basis, there does not appear to be any discernable difference 
regarding amount of secondary carbide phase in the Tekna samples compared to the Hoeganaes 
samples, as shown in Figures 25-34.   
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The compositional data from the matrix, with carbon removed, indicates titanium present 
in a secondary phase.  Since Ti is not present in the base matrix this could only have come by 
dissolution of TiC particles during the cladding process. This in turn requires that carbon has also 
been released into the matrix. This is confirmed by the presence of widespread precipitation seen 
in Figures 25-34. 
 
 
FIGURE 355 - CARBON TITANIUM PHASE DIAGRAM [44] 
 
The matrix resulting from the cladding process appears to be a mixture of ferrite and eutectic of 
(Fe,Ti)3C carbide, although this was not confirmed by actual analysis.  Mixing of the 
constituents that occurs in the molten state during the cladding process is difficult to predict. 
However, the resultant microstructure, although not martensitic, is line with what might be 
expected given the introduction of Ti and C into the nominal composition of 431 stainless steel. 
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5.5 Particle Size Distribution 
The final component of the study is the effect of carbide size and distributions and their 
resulting volume loss.  Each of the specimens used to study the effect of particle size distribution 
contained 20% volume fraction of the Tekna powder, however the distribution of particle sizes 
was altered to evaluate size range effects. 
 
FIGURE 366 - EFFECT OF PARTICLE DISTRIBUTION ON VOLUME LOSS (G65) 
 
Based on the mean free path calculations, the expectation would be that the smaller 
particle containing claddings would exhibit superior abrasion resistance.  However, no distinct 
advantages were seen in the particle size study.  The larger particles seemed to present lower 
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overall volume loss, but the reason for any large difference in the measured results are 
predominately due to the abrading particles being much larger than the carbide reinforcements.  
The very fine carbides are fully removed during gouge formation, where the larger particles act 
more as gouge interrupters, explaining the slight decrease in volume loss.  Comparing the 
relative sizes of each particle of interest, Table 15 can be generated [45].   
 
TABLE 15 - PARTICLE DIAMETER COMPARISON 
Particle  
Min 
(um) 
Max 
(um) 
Silica Sand 210 297 
Titanium Carbide 45 150 
 
 
 
 
 
 
 
 
 
 
 
 
The size of the silica sand is significantly larger than that of the titanium carbide 
particles, especially at the extreme cases of the largest silica to the smallest titanium carbide.  
The ratio of the sizes of the particles begins to break down the mean free path model, since the 
FIGURE 37 - ILLUSTRATION OF PARTICLE SCALE 
Maximum 
Maximum 
Minimum 
Minimum 
Titanium 
Carbide 
Silica 
Sand 
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smaller carbides are completely removed during an abrading event.  Images confirming this are 
shown in Figure 40 in section 4.2.3.  The amount of carbide apparent on the surface increases, 
even though all samples contained 20 volume percent titanium carbide.  This is evidence that the 
smaller particles are immediately removed, no longer appearing on the surface, while the larger 
ones remain intact on the surface and can be observed after testing.  Combining this visual 
evidence with Figure 57, the major change occurs between the 50-75um range and the 90-106um 
range.  Assuming normal distributions in these ranges and the silica sand range, the ratio of the 
average carbide size to the average silica size can be calculated.  
TABLE 16 - CARBIDE SIZE TO SILICA SIZE RATIO 
Type 
Carbide 
Minimum 
(um) 
Carbide 
Maximum 
(um) 
Carbide 
Average 
(um) 
Silica 
Average 
(um) 
Ratio 
TiC/Silica 
F 45 53 49 254 1:5 
S 50 75 63 254 1:4 
M 90 106 98 254 1:3 
L 106 150 128 254 1:2 
 
Full benefit of the carbide will be realized with a carbide size to abrading size ratio of about 1:3 
or greater, otherwise the hard phase in the composite may not interrupt the gouge progression 
and be fully removed. 
With regard to the distribution comparison of normally distributed vs uniformly 
distributed, there was a slight statistical difference in the ASTM G65 abrasion test, indicating the 
normal distribution may perform slightly better.  The biggest impact of this distribution may be 
the flowability and dispersion of the titanium carbide in the powder as it enters the laser beam. 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 
 
Metal matrix composites (MMCs) are a unique material systems and the number of 
materials that can be employed to create MMCs are endless.  Varying hard particles or matrix 
compositions can be targeted, dependent on the desired results or application.  Providing an 
abrasion resistant surface is the most common application for these materials, and that was the 
goal evaluated in the present work, which investigated the use of titanium carbide in a 431 
stainless steel matrix. 
The correlation between hardness and measured volume loss after abrasion testing was 
measured and found to follow the trend of increasing hardness reflecting increased abrasion 
resistance. Even the lowest 20% volume fraction of titanium carbide resulted in a factor of four 
decrease in volume loss compared to the baseline samples.  The carbide volume fraction also was 
directly proportional to the macrohardness of the samples and microhardness of the particles 
themselves.  
To further understand the mechanisms for abrasion resistance in the dry sand rubber 
wheel test method, the concept of the mean free path was investigated.  A model was generated 
to account for effects of both volume fraction and average particle size.  The model of necessity 
employed assumptions that were not true in all cases. Despite this, when correlating the 
theoretical expectation of the model to the measured data the model seemed to fit the data 
reasonably well.   
Carbide morphology, namely, angular or spherical, was also evaluated.   Analysis of the 
wear modes showed the rounded (Tekna) particles remained more intact and were less 
susceptible to fracture from the surface.  However, this difference in wear mode did not manifest 
itself in any statistical difference in abrasion resistance. 
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Finally, particle size and distribution effects were analyzed.  There was little statistical 
difference between the normal and uniform distributions that spanned the entire size range.  The 
particle size results were interesting, in that the larger particles resulted in less material removal 
in the abrasion test.  This is contrary to the mean free path model established, however, the ratio 
of the particle sizes must be considered.  The large silica sand particles fully removed the finer 
carbides, limiting their effect in interrupting gouge progression across the surface, while the 
larger particles spanned a larger depth and could resist complete removal. 
Metal matrix composites continue to be a research focus, especially as the methods for 
coatings evolve.  Laser cladding of these materials systems is being continually developed and 
interactions studied.  Understanding the effect of titanium carbide particle composition effect, 
reduction in particle hardness after cladding, and more isolated effects of particle morphology 
would be useful candidates for future work. 
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